A Novel Peptide Recognition Mode Revealed by the X-Ray Structure of a Core U2AF35/U2AF65 Heterodimer  by Kielkopf, Clara L. et al.
Cell, Vol. 106, 595–605, September 7, 2001, Copyright 2001 by Cell Press
A Novel Peptide Recognition Mode Revealed
by the X-Ray Structure of a Core
U2AF35/U2AF65 Heterodimer
splice sites, providing functional diversification of the
resultant protein products.
During the initial stages of spliceosome assembly,
U2AF recruits U2 snRNP to the branch point sequence
(Zamore and Green, 1989; Zamore et al., 1992). U2AF
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Competition between U2AF and other proteins that bind
the polypyrimidine tract, such as sex-lethal or pyrimidine
Summary tract binding protein, represents a mechanism for nega-
tive regulation of 3 splice site selection. U2AF is distin-
U2 auxiliary factor (U2AF) is an essential splicing factor guished from other polypyrimidine tract binding proteins
that recognizes the 3 splice site and recruits the U2 by its ability to associate with U2 snRNP-associated
snRNP to the branch point. The X-ray structure of proteins in the presence of U1 snRNP at the 5 splice
the human core U2AF heterodimer, consisting of the site, including the putative RNA helicase UAP56 (Fleck-
U2AF35 central domain and a proline-rich region of ner et al., 1997) and the SF3b subunit SAP155 (Gozani
U2AF65, has been determined at 2.2 A˚ resolution. The et al., 1998). Furthermore, U2AF facilitates SF1/BBP
structure reveals a novel protein-protein recognition binding to the adjacent branch point sequence (Berg-
strategy, in which an atypical RNA recognition motif lund et al., 1998), and interacts with additional splicing
(RRM) of U2AF35 and the U2AF65 polyproline segment factors that possess Ser-Arg rich domains (SR proteins)
interact via reciprocal “tongue-in-groove” tryptophan (McKinney et al., 1997; Page-McCaw et al., 1999; Tron-
residues. Complementary biochemical experiments chere et al., 1997; Wu and Maniatis, 1993). Once the U2
demonstrate that the core U2AF heterodimer binds RNA, snRNP joins the spliceosome, U2AF has completed its
and that the interacting tryptophan side chains are role in the splicing pathway and dissociates from the
essential for U2AF dimerization. Atypical RRMs in pre-mRNA.
other splicing factors may serve as protein-protein Human U2AF35 is 240 residues long, with a C-terminal
interaction motifs elsewhere during spliceosome as- SR segment interrupted by glycines (Zhang et al., 1992).
sembly. The large subunit U2AF65 is 475 residues in length, and
contains an N-terminal SR region and three C-terminal
RNA recognition motifs (RRMs) (Zamore et al., 1992).Introduction
Full-length human U2AF subunits form an intimate heter-
odimeric complex, which is stable during both chroma-In eukaryotes, removal of intervening sequences (in-
tography and ultracentrifugation through a glycerol gra-trons) separating protein-coding regions within pre-
dient (Zamore and Green, 1989). Deletion analyses of themRNAs presents an important entry point for regulation
human proteins mapped the U2AF heterodimerizationof cellular function. Following transcription, introns are
regions to U2AF35 residues 47 to 172 and U2AF65 resi-removed from the pre-mRNA by two transesterification
dues 64 to 172 (Zhang et al., 1992). More detailed studiesreactions within the spliceosome, a large assembly
of the Drosophila large subunit (dU2AF50) have demon-(60S) of proteins, and small nuclear RNAs (snRNAs)
strated that the conserved, proline-rich linker (corre-(reviewed in Reed, 2000). The core of the major spliceo-
sponding to residues 85–112 of the human U2AF65) be-some is composed of U1, U2, U4/U6, and U5 snRNPs.
tween the SR motif and RRMs suffices for heterodimer
Few conserved pre-mRNA sequences are required for
formation (Rudner et al., 1998a).
metazoan intron removal, including short sequences at
To better understand the molecular mechanisms un-
the 5 splice site, a conserved adenosine within the derpinning U2AF heterodimerization and function, we
intron that serves as the nucleophile in the reaction have determined a high resolution X-ray structure of
(branch point), and sequential pyrimidines adjacent to a the core domains of the U2AF heterodimer. The central
conserved Ade-Gua at the 3 splice site (polypyrimidine domain of U2AF35 adopts an atypical RRM fold that inter-
tract). The snRNPs assemble on these pre-mRNA ele- acts with a polyproline helix within U2AF65, providing
ments via a stepwise, ATP-dependent pathway of stable structural elucidation of an RNA binding domain acting
intermediates. Degeneracy of pre-mRNA sequences as peptide binding motif. We present supporting bio-
allows different splicing factors to recognize alternative chemical evidence that the interactions observed in the
structure are essential for dimerization and that the mini-
mal U2AF heterodimer binds RNA. Comparative protein4 Correspondence: burley@rockvax.rockefeller.edu
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(1678 A˚2) that buries 26% and 62% of the total solventTable 1. Thermodynamics of U2AF Heterodimerization
accessible surface area of the individual U2AF35 and
Subunit with Heterodimerization Equilibrium
U2AF65 segments, respectively. The U2AF65 peptide bur-mutation Mutation Dissociation Constant (nM)
ies an N-terminal tryptophan (Trp92p, “p” is used to
Wild type — 1.7 indicate U2AF65 residues) between two  helices on the
domains
surface of U2AF35, then forms a polyproline type II helixU2AF65(85–112) Pro96p to Gly 180
that embraces a protruding U2AF35 tryptophan (Trp134),U2AF65(85–112) Pro104p to Gly 150
and terminates in a short  helix. The high level of se-U2AF65(85–112) Trp92p to Ala 1430
U2AF35(43–146) Trp134 to Ala 940 quence homology for the U2AF35 middle domain among
various organisms (41%–74% pairwise identities com-
paring human with plant, fly, nematode, and fission
yeast proteins) allows us to conclude that the fold ofstructure modeling of other splicing factors suggests
this domain is phylogenetically conserved (Figure 2).that similar noncanonical RRMs are employed elsewhere
Residues of the U2AF65 peptide that are critical forin the spliceosome as versatile recognition modules.
U2AF35 binding (described below) are also highly con-The structure also provides insights into directional as-
served. We believe, therefore, that the structural basessociation of the U2AF subunits and pre-mRNA to guide
for U2AF35-U2AF65 heterodimerization are common to allsubsequent steps in spliceosome assembly.
higher eukaryotes.
Results and Discussion
U2AF35 Contains an Atypical RRM
An RRM is an evolutionarily conserved RNA bindingBiophysical Characterization of a Minimal
domain of 90 amino acids that contains two shortU2AF Heterodimer
signature sequences, RNP2 and RNP1. The RNP motifsRecombinant polypeptides corresponding to regions of
form the central  strands of a 4-strand  sheet backedthe small and large subunits of human U2AF responsible
by two  helices, designated  helices A and B (reviewedfor heterodimer formation (U2AF35 residues 43–146 and
in Antson, 2000). Comparison of the U2AF35 structureU2AF65 residues 85–112) (Rudner et al., 1998a; Zhang
against the PDB using the DALI server (Holm andet al., 1992) were expressed in E. coli and copurified.
Sander, 1993) established matches with various RRM-Analytical ultracentrifugation experiments established
containing structures, including sex-lethal proteinthat these fragments sediment as a 1:1 complex of mo-
(Handa et al., 1999; PDB Code 1cvj; Z-score  10.1lecular weight 16 kDa (data not shown), which is consis-
and root mean square deviation [rmsd]  2.1 A˚) andtent with the subunit stoichiometry of the U2AF hetero-
polyadenylate binding protein (Deo et al., 1999; PDBdimer purified from HeLa nuclei (Zamore and Green,
Code 1ha1; Z-score  9.7 and rmsd  2.0 A˚).1989). Isothermal titration calorimetry (Table 1) and cir-
Previously, it had been suggested that U2AF35 con-cular dichroism spectroscopy (Experimental Proce-
tains an RRM on the basis of weak similarity betweendures, data not shown) demonstrated that the minimal
the region of U2AF35 containing residues 110–144 andU2AF heterodimer is extremely stable. Efforts to charac-
the RNP1 regions of canonical RRMs (Birney et al.,terize interactions between the full-length subunits were
1993). However, further analysis could not identify theunsuccessful due to low protein yields and poor solu-
corresponding RNP2 motif. Our structure reveals that bility.
helix A is unusually long; 30 residues as opposed to
the invariant 10 residue length seen in all previouslyCrystallization and Structure Determination
determined RRM structures (Figure 2A). The presence ofA complex of U2AF35(43–146) and U2AF65(85–112) yielded
a 20 amino acid break in the structure-based sequencediffraction quality crystals with a single copy of a 1:1
alignments of U2AF35 with canonical RRMs explains whycomplex in the asymmetric unit. The structure was de-
three-dimensional structure determination was requiredtermined via multiwavelength anomalous dispersion
to identify the RNP2 consensus motif within U2AF35.(MAD) techniques (Hendrickson, 1991), resulting in an
interpretable experimental electron density map, shown
after density modification in Figure 1A. The final refine- Reciprocal Tryptophan Recognition
The two halves of the U2AF heterodimer are closelyment model has an R factor of 21.7% (Rfree 23.4%), with
excellent stereochemistry at 2.2 A˚ resolution (Table 2). intertwined in a series of interactions organized around
two tryptophans, each contributed by a distinct subunit
(Figure 3). Trp134 of U2AF35 is located on an exposedStructural Overview
The three-dimensional structure of the central region loop between  helix B and  strand 4, whereas the
U2AF65 Trp92p anchors the N terminus of the peptideof human U2AF35(43–146) bound to U2AF65(85–112) is
illustrated in Figure 1. The heterodimer is mallet-shaped, between  helices A and B of U2AF35. The side chain of
Trp92p acts as a molecular wedge, prying apart the twowith maximum dimensions 27 A˚  39 A˚  51 A˚. The
secondary structural elements of U2AF35(43–146) are ar- helices (U2AF35 interhelix angle  102 versus 82–92
for canonical RRMs). The majority of the interdomainranged in order 1-A-2-3-B-4 within the primary
sequence. The U2AF65 peptide forms a type II polyproline contacts are based on stacking interactions with each of
the tryptophans, plus hydrogen bonds and salt bridges.helix that wraps tightly around the globular U2AF35 do-
main at the head, and one long U2AF35  helix escapes The complementary tryptophan binding sites bestow a
tongue-in-groove directionality to the complex that isthe molecular embrace to form the handle. The compo-
nents of the heterodimer share an extensive interface shown schematically in Figure 1B.
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Figure 1. Structure of the U2AF35/U2AF65 Complex
(A) Stereoview of the U2AF65 proline-rich loop enveloping U2AF35 Trp134. Density modified, experimental electron density map for residues
Trp92p to Pro104p of U2AF65 contoured at 1. The U2AF65 peptide is shown in pink, or color coded for atom type (yellow, carbon; red, oxygen;
and blue, nitrogen) and the U2AF35 domain is shown in light blue. Six disordered amino acids linking  helix A with the RNP2  strand 1 are
represented with a dashed line. The RNP motifs and  helices A and B are labeled.
(B) The U2AF complex viewed along the cylindrical axis of  helix A. A schematic representation of the reciprocal tryptophan binding sites
is shown on the left.
(C) View of the binary complex perpendicular to the perspective of (B).
(D) U2AF35  sheet that forms the RNA binding surfaces of canonical RRM-containing proteins.
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Table 2. Statistics of Crystallographic Analysis
Data Collection
Data Set Inflection Peak Remote Native
(wavelength, A˚) (0.9793) (0.9791) (0.9649) (0.9790)
Resolution (A˚) 19.3–2.2 19.3–2.2 19.3–2.2 26.2–2.2
Reflections 69742/18665 63373/18730 70386/18789 40388/9945
(Observed/Unique)
Completeness (%) 99.2/91.9 99.2/90.4 99.2/91.6 97.5/98.3
(Overall/Outer Shell)
Rsyma (%) 4.9/27.7 5.2/32.8 3.8/35.8 4.2/25.4
(Overall/Outer Shell)
I/(I)	 28.4/4.9 23.7/3.3 25.8/3.5 25.2/5.6
(Overall/Outer Shell)
Phasing
Phasing Powerb Centric 1.35
Acentric 1.72
Cullis R factorc 0.55
Mean FOMd 0.67
Refinement (against all native data)
Number of Atoms Protein 998
Water 118
1,6-Hexanediol 12
R factore (%) Rcryst 21.7
Rfree 23.4
Rms deviations Bond lengths (A˚) 0.008
Bond angles () 1.4
a Rsym  
hkl
i|Ii  I	|/
hkl
iIi where Ii is an intensity I for the ith measurement of a reflection with indices hkl and I	 is the weighted mean
of all measurements of I.
b Phasing power is the mean value of the heavy atom derivative structure factor amplitude divided by the residual lack of closure error.
c R-cullis  
hkl||Fph|  |Fp|  Fh,calc|/
hkl|Fph  Fp| for centric reflections only.
d FOM, figure of merit.
e Rcryst  
hkl||Fobs(hkl)|  k|Fcalc(hkl)||/
hkl|Fobs(hkl)| for the working set of reflections, Rfree is Rwork for 7.5% of the reflections excluded from the
refinement.
Prolines Sandwich the U2AF35 Tryptophan lines at the N terminus of the peptide. Unlike the exclu-
sively hydrophobic binding pocket of Trp134, one faceThe sequence of the U2AF65 linker region is dominated
by a series of conserved prolines, including three tan- of Trp92p sits in a relatively polar environment (Figure
3B). The  and  carbons of the charged Glu88 sidedem prolines near the N terminus of the peptide and
a fourth proline following a six residue spacer. These chain (C–C2 3.5 A˚; C–C2 3.5 A˚) and the guanidi-
nium group of Arg133 (NH2–C3 3.5 A˚; C–C3 3.7A˚)proline residues enclose Trp134 of U2AF35 in a tight
molecular embrace of aromatic/aliphatic stacking inter- interact with the tryptophan, but leave the side chain
partially exposed to solvent. The opposite face ofactions (Figure 3A). Pro95p stacks parallel to the face
of the 5-membered ring of the tryptophan side chain Trp92p makes a series of T-shaped interactions among
aromatic residues resembling those found for Trp134.(closest approach C–C 3.4 A˚), orienting the aliphatic
tip of adjacent Pro96p perpendicular to the center of A U2AF35 phenylalanine (Phe135), directly adjacent to
Trp134, is oriented perpendicular to the underside ofthe 6-membered ring of Trp134 (C–C3 3.4 A˚). Pro97p
and Gly98p cross the edge of the tryptophan side chain, Trp92p (C1–C2  3.8 A˚). The conformation of Phe135
is restricted by edge-to-edge interactions with Phe81allowing Pro104p to stack against the opposite face of
the 6-membered ring (C–C2  3.7 A˚). As a result, of  helix A (C–C1  3.4 A˚), and flanking contacts with
Ile51 (C2–C  3.5 A˚) and Tyr91p of U2AF65 (C–C Pro95p and Pro104p form a slightly asymmetric sand-
wich about the indole group. A tyrosine protruding from 3.7 A˚). Stacking interactions between Tyr91p and Phe81
of U2AF35 (C1–C1  3.9 A˚) complete the aromatic net-the C-terminal helix of U2AF65 (Tyr107p) caps the edge
of Trp134 in a perpendicular arrangement of side chains work surrounding Trp92p.
Complementary Electrostatic Interactions(C–CH2  3.7 A˚). The position of this tyrosine is further
stabilized by a second edge-to-face aromatic interac- In addition to the aromatic interactions, several intermo-
lecular hydrogen bonds stabilize the polypeptide chainstion with Phe99p, located in the loop between the pro-
lines (C–C  3.7 A˚). Thus, the hydrophobic U2AF35 adjacent to the reciprocal tryptophan residues. A main
chain hydrogen bond between Trp134 and Asp93p di-Trp134 binding pocket is completed by a series of
“T-shaped” interactions, an energetically stabilizing vides the two tryptophan binding sites (O–N2.9 A˚). The
side chain of Asp93p makes a salt bridge with Arg133mode of interaction frequently observed among aro-
matic side chains in proteins (Burley and Petsko, 1988). (O1–N  2.9 A˚; O2–NH2  2.9 A˚). Further hydrogen
bonds between Trp92p and Glu84 (N1–O  3.1 A˚) andAromatic Interactions Stabilize
the U2AF65 Tryptophan between Glu80 and Lys90p (O1–N  3.1 A˚; O2–N 
3.1 A˚) couple the N terminus of the U2AF65 peptide to A second highly conserved feature of the U2AF65 linker
sequence is a tryptophan (Trp92p) preceding the pro- helix A of U2AF35.
X-Ray Structure of a Core U2AF Heterodimer
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Figure 2. U2AF Sequence Alignments
Sequence conservation is indicated by a color gradient from white (35% identity) to green (100% identity). The number of the first residue
is given in parentheses following the sequence title, and RNP motifs are boxed and labeled. Residues involved in intermolecular contacts are
underlined and classified below the sequences: S, side chain hydrogen bond; M, main chain hydrogen bond; and , interaction with an
aromatic residue.
(A) U2AF35 homologs aligned with human U2AF35(43–146). First, the central domain of representative human (GenBank accession number
M96982), fly (U67066), nematode (AL117204), fission yeast (U48234), and Arabidopsis (AF344324) small subunit sequences are aligned. Below
are alignments of U2AF35-related sequences found in the human genome (labeled by GenBank accession number); other proteins containing
noncanonical RRMs, including PUF60 (AF190744), Tat-SF1 (U76992), URP (D49677), UAP2 (U97681), and CUS2 (Z71562); and structure-based
alignment with representative RRM-containing structures (PDB codes given in text).
(B) Human (X64044), fly (L23404), worm (U79157), thale cress (AC018908), and fission yeast (L22577) homologs of U2AF65(85–112) aligned as
in (A).
The Importance of Being Tryptophan tion constants for wild-type U2AF and each of the point
mutants are given in Table 2. Mutation of either Pro96pRelative contributions to the energetics of heterodimer
formation by the proline and tryptophan-based interac- or Pro104p to Gly decreased the affinity of heterodimer
formation by approximately two orders of magnitudetions observed in the crystal structure were examined
using site-directed mutagenesis and isothermal titration (1.7 nM→ 150–180 nM), and the equilibrium dissociation
constant increases to the micromolar range when eithercalorimetry. Two of the U2AF65 prolines (Pro96p or
Pro104p) were independently changed to Gly, thereby Trp is replaced with Ala (1.7 nM → 940–1430 nM). This
finding is consistent with previous observations that aremoving the side chain while allowing the backbone
to retain a type II polyproline helical conformation triple alanine mutant of Trp134, Asp135, and Val136 in
the large subunit of D. melanogaster U2AF (dU2AF50)(Creighton, 1993). Individual point mutations to Ala were
made for either Trp92p or Trp134. Equilibrium dissocia- fails to copurify as a complex with the small subunit,
Cell
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Figure 3. Reciprocal Tryptophan Recognition within the U2AF Heterodimer
Stereodrawings of interactions with (A) U2AF35 Trp134 and (B) U2AF65 Trp92p.
and is unable to complement a recessive lethal dU2AF50 Comparison of U2AF35/U2AF65 with SH3/Peptide
Like the U2AF complex, protein recognition motifs suchallele (Rudner et al., 1998a). Not surprisingly, the U2AF35/
U2AF65 heterodimer used for X-ray crystallography is as EVH1, WW, and SH3 domains employ a conserved
tryptophan, in combination with other aromatic aminosignificantly more thermostable than the noncanonical
RRM in isolation (Tm 40C, Experimental Procedures, acids, to recognize polyproline type II helices within their
respective ligands (Lee et al., 1998). Despite differencesdata not shown).
The essential role of these tryptophans in heterodimer in their overall folds, the environment of Trp134 within
the U2AF heterodimer recapitulates many of the interac-formation parallels their absolute conservation in organ-
isms that require U2AF for viability (Potashkin et al., tions observed between the SH3 domain of Abl kinase
and a Pro-X-X-Pro-Pro (where X is any residue) con-1993; Rudner et al., 1996, 1998a; Zorio and Blumenthal,
1999b; Zuo and Maniatis, 1996) (Figure 1). In contrast, taining peptide (Musacchio et al., 1994; PDB Code 1abo)
(Figure 4A). The first and last prolines of the Abl ligandboth tryptophans have been replaced with phenylala-
nines in all known plant U2AF large and small subunits. flank the SH3 tryptophan (Trp99a, “a” is used to indicate
Abl-SH3 residues) in a manner analogous to U2AFStructure-based homology modeling of A. thaliana U2AF
suggests that commensurate changes in the large sub- Pro95p, Pro104p, and Trp134. The polypeptide chain
backbones also converge in the region of the conservedunit may compensate for the phenylalanine substitution
of Trp134 in the small subunit. The 5-membered ring of tryptophan (Abl-SH3 residues 98a–101a and 110a–113a
correspond to U2AF35 133–136 and 137–140, respec-the tryptophan side chain is absent in the phenylalanine
side chain. Hence, the changes of Pro95p to Ala, Phe99p tively). Despite similar interactions in the vicinity of
Trp134, the noncanonical RRM lacks further aromaticto Met, and Tyr107p to Ala may create a smaller hy-
drophobic binding pocket complementary to the phenyl- residues that characterize other polyproline binding mo-
tifs. Instead, the Trp92p binding pocket on U2AF35 re-alanine side chain. Fewer changes are observed for the
small subunit pocket responsible for binding Trp92p. places the aromatic amino acids of SH3 and WW do-
mains.Although some U2AF large subunits from plants can
functionally substitute for human U2AF65 in splicing ex- SH3-containing proteins participate in fewer interac-
tions with their target ligands than those observed withintracts, the strength and biological importance of the
interaction between U2AF subunits in higher plants re- the U2AF heterodimer. Furthermore, SH3 domains dis-
play lower binding affinities for their target ligands (Kdmains poorly understood (Simpson and Filipowicz,
1996). 0.25–100 M) (Lee et al., 1998) than do the components
X-Ray Structure of a Core U2AF Heterodimer
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Figure 4. Structural Comparisons with U2AF35/U2AF65
(A) Comparison of tryptophan recognition of polyproline sequences by SH3 domains and the noncanonical RRM of U2AF35. The structure of
the Abl-SH3 domain (Musacchio et al., 1994) is shown in green, U2AF35 in transparent blue, and U2AF65 in pink. The structures were superimposed
using nonhydrogen atoms of Pro2a, Pro6a, and Trp99a from the SH3 domain versus Pro95p, Pro104p, and Trp134 of the U2AF heterodimer
(rmsd  0.25 A˚).
(B) Superposition of the U2AF35 RRM (colored as in Figure 2) with RRM1 of HuD protein (Wang and Tanaka Hall, 2001) (yellow) (10 equivalent
 carbons from each  helix A gave rmsd  0.49 A˚).
(C) Ribbon/ball-and-stick diagram of the amphipathic side chains of U2AF35  helix A, color coded yellow for neutral and red for acidic residues,
respectively.
of the U2AF heterodimer. We presume that these differ- tations (Huang et al., 2000; Lim et al., 1994; Mahoney
et al., 1999; Verdecia et al., 2000). Given the abundanceences reflect the requirement for transient regulatory
interactions among SH3 and WW domains and their of specific, directional interactions observed between
the two U2AF subunits, promiscuous binding modesproline-rich cellular targets (Alexandropoulos et al.,
1995; Bedford et al., 1997; Chen and Sudol, 1995). Inter- seem unlikely. In contrast to the Abl-SH3/peptide com-
plex, another SH3 domain bound to a Pro-X-X-Pro-Proactions between U2AF35 and U2AF65 are expected to be
long-lived, and unlikely to participate in a competitive peptide in the opposite orientation (Lim et al., 1994;
PDB Code 1sem) has little in common with the U2AFinterplay among signaling molecules and their peptide
ligands. heterodimer apart from the conserved tryptophan at the
binding site. Furthermore, the use of dual tryptophansFor SH3, WW domains, and profilins, polyproline type
II helices can be bound in either of two antiparallel orien- appears to prevent polarity reversal, since one bulky
Cell
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Figure 5. U2AF35/U2AF65 RNA Binding
(A) Hill plot of a representative nitrocellulose filter binding assay, demonstrating RNA binding by the minimal U2AF35/U2AF65 heterodimer. The
logarithm of the protein concentration is plotted on the y axis, versus logarithm of [/(1)] on the x axis (where  is cpm/cpmmax). The slope
indicates the stoichiometry of U2AF:RNA binding, which is 1:1 within experimental error. The dissociation constant is given by the anti-
logarithm of the y intercept (Kd 103.84 nM  6.9 M). The correlation coefficient r2 is a measure of the goodness of fit of the linear equation
to the experimental data.
(B) Structural model of the U2AF binding RNA. The first RRM of HuD (Wang and Tanaka Hall, 2001) was superimposed on the corresponding
U2AF35 domain (62 equivalent  carbons gave rmsd  1.23 A˚). The RNA ligand is shown in purple, with the 5 to 3 orientation of the nucleic
acid indicated. The putative RNA binding surface of U2AF35 ( sheet) is color-coded for sequence conservation as shown in Figure 2. The
predicted location of the C terminus of the U2AF65 peptide is consistent with recognition of the upstream polypyrimidine tract by the three
C-terminal RRMs of U2AF65 (Singh et al., 1995). The N and C termini of the noncanonical RRM of U2AF35 orient downstream of the 3 splice
site (3 SS), in accord with crosslinking and SELEX experiments (Wu et al., 1999). A schematic diagram of full-length U2AF recognizing RNA
is shown below.
tryptophan would make a bad steric clash with the other 1997; Page-McCaw et al., 1999; Tronchere et al., 1997).
The variety of splicing factors that contain atypical(Figure 1A). Unlike the transient, multivalent nature of
protein-protein interactions in signaling pathways, the RRMs suggests a common protein-protein recognition
role for this domain during pre-mRNA splicing, analo-U2AF subunits must be precisely oriented relative to one
another and the pre-mRNA elements to cooperatively gous to SH3 and SH2 domains in cell-signaling proteins.
The models derived from U2AF35 are accessible fromrecruit other splicing factors and U2 snRNP components
for spliceosome assembly. Thus, the reciprocal tongue- MODBASE (http://guitar.rockefeller.edu/modbase) us-
ing dataset ModWeb0-995566191 on the advancedin-groove tryptophan binding sites of the U2AF hetero-
dimer may reflect the evolutionary necessity of ensuring search page.
directional assembly of the spliceosome.
A Recognition Surface for Splicing Enhancers
The structure of the U2AF complex provides an opportu-A Protein-Protein Recognition Motif
for pre-mRNA Splicing nity to identify surface features that are likely to mediate
interactions with other splicing proteins (Wu and Ma-The three-dimensional structure of the U2AF35 central
domain permits comparative protein structure modeling niatis, 1993; Zuo and Maniatis, 1996). Although several
structures of RRM-containing proteins bound to RNA(Sanchez and Sali, 2000) of a superfamily of splicing
factors that possess similar, noncanonical RRM do- have been determined (Antson, 2000), there is only one
extant structure of an RRM domain interacting with an-mains, with conserved Trp residues. Members of this
family include human PUF60 (Page-McCaw et al., 1999), other protein; the ternary complex of the leucine-rich
repeat protein U2A and the RRM-containing U2B pro-S. cerevisae CUS2 (Yan et al., 1998), human URP
(Tronchere et al., 1997), and S. pombe UAP2 (McKinney tein bound to an RNA stem loop (Price et al., 1998). In
this structure, U2A binds to  helix A of the U2B RRM,et al., 1997) (Figure 2). Like the noncanonical RRM of
U2AF35, PUF60, URP, CUS2, and UAP2 all mediate pro- making additional contacts with the RNA.
Conserved glutamate and aspartate residues coat thetein-protein interactions in spliceosome assembly (Berg-
lund et al., 1998; Gozani et al., 1998; McKinney et al., long  helix A of U2AF35, creating a negatively charged
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surface that could interact favorably with basic SR re- detailed comparison, based upon the appropriate RNA
length and reasonable structural similarity to the nonca-gions found in other splicing factors (Figure 4C). In addi-
tion, three highly conserved aromatic residues, Tyr78, nonical RRM of U2AF35. In known RRM/RNA structures,
two adjacent nucleotides (Ura3 and Ura4 in the HuDPhe82, and Phe86, are arranged in a -stacked array
along one side of the  helix. This arrangement creates cocrystal structure) interact with residues from the RNP1
and RNP2 motifs. The corresponding residues in U2AF35an energetically unfavorable, solvent-exposed hy-
drophobic patch that is well suited to participate in pro- could form energetically favorable contacts with RNA.
In particular, Tyr114 (corresponding to Phe84h in HuD;tein-protein interactions. Given that the N terminus of
the U2AF65 peptide, including four basic amino acids, is HuD residues are identified with h) could stack
on Ura4 and contribute a hydrogen bond to the nearbydisordered in the crystal structure, it appears unlikely
that  helix A interacts with the U2AF65 N-terminal SR ribose. Additional candidate RNA binding residues in-
clude Thr45 and Ala47 (corresponding to Asn40h andsegment. Instead,  helix A could function as a long
amphipathic cylinder for further spliceosome assembly. Ile42h). These three putative RNA binding residues are
highly conserved; Tyr114 and Thr45 are found in allThe length of  helix A varies among other splicing
factors within the noncanonical RRM family, although known U2AF small subunits and residue 47 is invariably
hydrophobic. When mapped onto the  sheet surfacethe precise differences remain somewhat unclear given
the difficulty in aligning the short, relatively degenerate of the U2AF35, the conserved residues surround the
modeled nucleotides (Figure 5B).RNP motifs when separated by longer polypeptide chain
segments. Unlike U2AF65, which is a single copy gene in In all previously published RRM-RNA cocrystal struc-
tures, RNA binds in the same 5 to 3 orientation acrosshumans, four additional U2AF35 genes or pseudogenes
have recently been found within the human genome the  sheet, making sequence-specific contacts with
exposed residues (Antson, 2000). When superimposed(Tupler et al., 2001). With the caveat that expression of
these genes has not been demonstrated, two of these on the HuD/RNA complex, both N and C termini of the
U2AF35 domain are oriented downstream toward whatsmall subunit homologs display insertions in the region
corresponding to  helix A (Figure 2). Variation in the would be the exon in the context of the unspliced pre-
mRNA. This spatial arrangement is consistent with thelength and surface properties of  helix A may represent
a means of generating functionally distinct interactions results of cross-linking experiments that map U2AF35-
RNA contacts to the consensus 3 splice site Ade-Guaamong different isoforms of U2AF and other splicing
factors containing noncanonical RRMs. and 10–14 nucleotides downstream (Merendino et al.,
1999; Wu et al., 1999; Zorio and Blumenthal, 1999a). The
U2AF65 peptide is located on the 5 side of the RNAThe Minimal U2AF Heterodimer Binds RNA
segment with the C terminus directed upstream, whereUnlike the polypyrimidine sequence identified using
the RRM motifs of U2AF65 could bind to the polypyrimid-RNA site selection with the large subunit alone (Singh
ine tract (Singh et al., 1995; Zamore et al., 1992). A modelet al., 1995), the full-length human U2AF heterodimer
for recognition of the intron/exon boundary by U2AF isrecognizes a polypyrimidine tract followed by Ade-Gua-
presented schematically in Figure 5B.Gua-Ura that mimics the 3 splice site consensus se-
quence (Wu et al., 1999). Although the small subunit
significantly enhances the RNA binding affinity of U2AF Conclusion
(Merendino et al., 1999; Wu et al., 1999; Zorio and Blu-
menthal, 1999a), the region of U2AF35 responsible for The three-dimensional structure of the U2AF complex
RNA binding has not been identified. Filter binding ex- identifies a novel type of protein-protein interaction do-
periments with our minimal U2AF heterodimer demon- main, an atypical RRM that uses aromatic residues to
strated that an RNA oligonucleotide containing the 3 recognize proline-rich sequences within its binding part-
splice site Ade-Gua-Gua-Ura consensus binds at micro- ner. A combination of distinct tryptophan binding sites
molar affinity (Kd  6 M) (Figure 5A), which is much and exposed tryptophans provides an explanation for
lower than that observed for full-length U2AF65 directional association of the subunits with one another
(Kd 1–10 nM) (Singh et al., 1995). We suggest, there- and with pre-mRNA. U2AF associates with the 3 splice
fore, that the primary biochemical role of the noncanoni- site early in pre-mRNA splicing and provides a distinct,
cal RRM of U2AF35 is U2AF heterodimer formation. It is localized protein/RNA surface that is in turn recognized
also possible that additional U2AF domains contribute by additional splicing factors. By analogy with RNA poly-
to RNA binding. For example, at least one SR domain merase II transcription, the U2AF heterodimer could be
is required for high-affinity RNA binding by the U2AF said to represent the functional homolog of the TATA-
heterodimer (Rudner et al., 1998b). box binding protein in spliceosome assembly at the 3
splice site (Hertel et al., 1997). Our work provides a
starting point for further functional and structural studiesA Model for RNA Recognition
to investigate higher order complexes of U2AF with pro-RNA binding by the minimal U2AF complex, albeit weak,
teins and RNA.does provide some insight into the structural basis for
polypyrimidine tract/3 splice site recognition by the full-
Experimental Procedureslength U2AF heterodimer. Superposition of previously
published structures of RRM/RNA complexes on the
Protein Preparation and Crystallization
U2AF35 RRM-like domain provided models for potential Human U2AF35(43–146) and U2AF65(85–112) were independently ex-
U2AF-RNA contacts. The first RRM of the HuD/RNA pressed in E. coli as GST-fusion proteins and purified by affinity
chromatography. Mutation of U2AF35 Cys67 to serine prevented di-complex (Wang and Tanaka Hall, 2001) was chosen for
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with X-ray measurements and Drs. R.C. Deo, M. Goger, D. Jeruzalmi,bovine thrombin (Sigma) and further purification by ion exchange
chromatography, U2AF35(43–146) was combined with excess U2AF65 M. Konarska, J. Kuriyan, S.K. Nair, N. Eswar, S.S. Ray, A. Roll-Mecak,
J.E. Wedekind, and S. Wu for help and many useful discussions. Wepeptide and the resulting binary complex was purified by gel filtra-
tion. Cocrystals were grown at 4C via sitting drop vapor diffusion thank G. He for technical help and T.B. Niven for editorial assistance.
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49.7 A˚, and c  92.2 A˚) and diffract to better than 2.2 A˚ resolution.
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